Time-resolved Kerr measurements of magnetization switching in a crossed-wire ferromagnetic memory element
Ultrafast magnetization reversal of a ferrimagnetic metallic alloy GdFeCo was investigated by time-resolved resonant magneto-optical Kerr effect measurements using a seeded free electron laser. The GdFeCo alloy was pumped by a linearly polarized optical laser pulse, and the following temporal evolution of the magnetization of Fe in GdFeCo was element-selectively traced by a probe free electron laser pulse with a photon energy tuned to the Fe M-edge. The results have been measured using rotating analyzer ellipsometry method and confirmed magnetization switching caused by ultrafast heating. C Ultrafast spin dynamics in femtosecond time scale, the so-called femtomagnetism, has been one of the central issues in the frontier of science and technology for the last two decades.
1,2 To capture the nature of the non-equilibrium dynamics, ultrafast time-resolved experiments have been carried out using ultra-short laser pulses. Recently, the development of EUV-X-ray free electron lasers (FELs) and high harmonic generation (HHG) lasers has opened the opportunity for exploring dynamic phenomena with element selectivity by tuning the photon energy of the laser pulses to the absorption edges of material constituents. Since the fundamental origin of the magnetism is the electron exchange interactions, which occur in femtosecond time scales, ultrafast experiments using FELs and HHG lasers are expected to add the missing knowledge in condensed matter physics for pushing technological innovation in ultrafast spintronics.
The well-known magnetization reversal of GdFeCo ferrimagnetic alloy was first observed by time-resolved visible magneto-optical Kerr effect (MOKE) measurements. 3 In this earlier study, the magnetization reversal occurred on a time scale longer than 100 ps as a result of temperature-and fieldinduced effects. GdFeCo is a ferrimagnetic metallic alloy, composed of rare-earth (RE) and transition metal (TM) sublattices that couple anti-ferromagnetically. After Kimel et al. showed that a helicity of excitation laser pulse can affect the a) Electronic mail: imatsuda@issp.u-tokyo.ac.jp state of magnetization, light-matter interaction has attracted our attention. Helicity-dependent magnetization reversal of GdFeCo, using circularly polarized light as an effective magnetic field, has already been observed (so-called opto-magnetic effect). 5 Only later, all-optical switching has been observed without applying an external magnetic field using circularly polarized light 6, 7 or even linearly polarized light. [8] [9] [10] Recently, all-optical helicity-dependent switching of ferromagnetic materials has been perceived as well. 11 Many models have been proposed to describe the microscopic origin of magnetization reversal in ferrimagnetic materials, such as Inverse Faraday effect (IFE), 12 the combination of IFE with ultrafast heating, 13 ferromagnetic-like coupling between two non-equivalent sublattices due to the nonequilibrium nature, 8 transfer of angular momentum between two sublattices' coupling via antiferromagnetic exchange interaction, 14, 15 and superdiffusive current. 16 Dynamical path for magnetization reversal is also still disputable, whether it is only involved with longitudinal modulus of magnetization or not. 17 Therefore, the mechanism of magnetization switching of ferrimagnetic systems is still unclear and controversial so far. In this letter, we focus on magnetization reversal of GdFeCo using linearly polarized light in terms of thermal effect, which excludes the non-thermal one such as IFE.
Figures 1(a) and 1(b) compare the previous reports on the Fe magnetization switching induced by the linearly polarized light, under various experimental conditions. 8, 9 As shown in Fig. 1(a) , in the time-resolved X-ray magnetic circular dichroism (XMCD) experiment using laser-slicing source, 8 the external field was applied before pumping antiparallel to the Fe magnetization. In the hundreds of femtoseconds, the Fe magnetization reverses to the direction of the applied magnetic field through the transient ferromagnetic-like GdFe state. The sample temperature was initially set below the magnetic compensation temperature, T M , at which the net magnetization of the ferrimagnet becomes zero. shows the result of a time-resolved XMCD-photoemission electron microscopy experiment. 9 Here, in contrast to the case in Fig. 1(a) , the Fe magnetization switching was observed without applying external magnetic field and at temperatures both above and below T M before pumping. It is obvious that more information about the effects of the sample temperature and the external magnetic field on the ultrafast magnetization switching caused mainly by heating is necessary. In the present study, we adopted the third experimental condition, shown in Fig. 1(c) . Before pumping, the sample was set at room temperature, which is above the GdFeCo T M ∼ 250 K. The external magnetic field was applied in the direction of the initial Fe magnetization. The femtosecond time-resolved measurement of the resonant MOKE (RMOKE) was carried out using the seeded FEL pulses as a probe. Compared to visible MOKE, distinct features of RMOKE are the large magnetooptical response, 18 element selectivity, the selection of light polarization, and also the possibility for combining with other methods, e.g., diffraction with the same experimental set-up. In the present study, the Fe magnetization reversal in real time was measured tuning the photon energy to the Fe Mabsorption edge, to achieve element-selectivity.
Figure 2(a) shows a schematic diagram of the thin-film sample structure, where the ferrimagnetic alloy has the composition Gd 21 (Fe 90 Co 10 ) 79 . The T M ∼ 250 K of the Gd 21 (Fe 90 Co 10 ) 79 is lower than room temperature. For this alloy composition, the magnetic moment at room temperature of the TM sublattice is higher than the RE one and the direction of the magnetic moment of the Fe atom is parallel to that of the external magnetic field. A multilayer film of Ta (2 nm)/GdFeCo (20 nm)/Ta (10 nm) was fabricated on thermally oxidized silicon wafers using RF magnetron sputtering. The Ta (2 nm) capping layer prevents the GdFeCo oxidization and the Ta (10 nm) underlayer helps the adhesion to the Si substrate. Figure 2 (b) shows a set of Xray absorption spectroscopy (XAS) spectra for the GdFeCo sample under the saturated magnetization condition. The red circles denote the experimental results obtained by the total electron yield (TEY) mode and the peak at 33 eV, 42 eV, and 66 eV is assigned to the Ta 5p 3/2 , 5p 1/2 , and Co 3p absorption, respectively. This measurement was carried out at the bending-magnet beamline BL-5B at UVSOR (Japan). The blue line represents the calculated Fe 3p XAS spectra based on a configuration interaction (CI) model, 18 showing good agreement with the experiment. Figure 2 (c) compares experimentally measured and calculated RMOKE spectra around the Fe M-absorption edge. The RMOKE measurements were conducted in polar geometry, where an external field (±0.47 T) was applied perpendicular to the sample surface. The measurement geometry of static RMOKE was exactly the same as that of time-resolved RMOKE (TR-RMOKE) with FEL, described in detail below. Values of the Kerr rotation angle were obtained by the rotating analyzer ellipsometry (RAE) method, as illustrated in the inset of Figure 3 . The details of the measurement system are described elsewhere. 18 The RMOKE simulation 18 was made for the same experimental geometry using the magnetic parameters obtained from the XMCD spectra taken at the undulator beamline BL-16A at Photon Factory (Japan). Using the sumrules, the orbital magnetic moment (m orb ) and spin magnetic moment (m spin ) of the sample were evaluated to be m orb = 0.50 and m spin = 2.33 µ B /atom, respectively. In Fig. 2(c) , the differences between the experiment and simulation are ascribed to the resonant effect of Co around 60 eV and to the optical interference effect of the nanometer thick film (not considered in the calculation) around 40 eV. 18, 19 From a set of the XAS and RMOKE data, photon energy of 53 eV is found to be the most suitable for tracing the magnetization dynamics This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: . 3 . Overview of the seeded-type FEL, DiProI beamline (FERMI@ELETTRA) with a femtoseconds-pulse pump which also acts as a seed for FEL and a measurement system for RAE. Our measurement chamber was connected at the end of the coherent diffraction imaging station in series. (Inset) Details of the RAE unit composed of a Mo/Si multilayer used for a analyzer and a detector, microchannel plate. In the RMOKE measurement, a polarizer-detector pair rotates on an axis connecting the analyzer and the sample.
of the Fe atom in the GdFeCo during the ultrafast switching in the present time-resolved measurement. Figure 3 shows an overview of the TR-RMOKE measurement system with the probing seeded FEL and the pumping infrared (IR) lasers. The measurements were carried out at room temperature, using the DiProI beamline 20 at seeded FERMI FEL at Elettra laboratory in Italy. We used the FEL-1, which is normally operated at 60-20 nm (hv = 12.4-62 eV) with an electron beam energy of 1.2 GeV. 21, 22 Compared to the commonly used self-amplified spontaneous emission (SASE) scheme, FERMI that uses a HGHG seeding scheme has excellent longitudinal coherence and spectral purity and is also offering multiple polarized pulses. 23 Furthermore, since FERMI is a laser-seeded FEL, the same IR laser, intrinsically synchronized with the FEL pulses, can be used for practically jitter-free time resolved experiments. 24 In the present measurements, we used as a probe 80-100 fs FERMI pulses tuned to 23.6 nm (52.5 eV), generated with repetition rate of 10 Hz, and as a pump a 780 nm IR laser. The FEL and IR laser beams on to the sample had spot-size of diameters 420 µm and 530 µm, respectively. The time resolution is limited by the pulse widths of the pump laser, 150 fs. The fluence of the pump and the probe pulses was tuned to 14 mJ/cm 2 and 3 mJ/cm 2 , respectively. The temporal overlap of these pulses was determined within ±50 ps, using a signal generated on a specially designed copper antenna connected through a high bandwidth coax cable to a fast oscilloscope 24 and the spatial overlapping by a YAG crystal. After setting the temporal overlap, we determined time zero with 250 fs resolution by monitoring the reflectivity changes of Si 3 N 4 in classical FEL-pump/IR-laser-probe experiment. 24, 25 Concerning the experimental configuration, the linearhorizontally polarized IR beam and the linear-vertically polarized FEL beam were coaxially incident onto the sample. The FEL irradiated the sample in the s-polarization configuration. The angles of the incident and reflected probe FEL beams were set at 45
• with respect to the surface normal. The reflected FEL beam travelled to the polarizer, composed of a rotary flange, a Mo/Si multilayer mirror (10 periods of a 19.1 nm layer) , and MCP as a detector of reflected light. The reflected IR laser was attenuated by an Al filter. The ellipsometry was conducted by rotating the RAE unit. The principle of determination of Kerr rotation angle at each delay time was same as those used in the static RMOKE measurement. The fluctuating pulse to pulse intensity of the FERMI pulses was monitored in a shot-by-shot manner using a gas cell.
Figure 4(a) shows the results of time-resolved measurements. Each panel shows the RAE results at each indicated delay time. The vertical axis denotes the normalized intensity, i.e., the intensity detected at MCP divided by the incident intensity. The intensity of the light, reflected by the analyzer, is monitored at the detector as a function of χ, as shown in the inset of Fig. 3 . The two curves (blue and red) correspond to the measurements under the applied magnetic field in up and down directions along the sample surface normal. The solid lines are cosine fitting to the experimental results, which is normalized so as to be consistent between two curves. The angle zero in each panel corresponds to the extinction state without external field. The Kerr rotation angle at each delay time can be extracted from the phase difference between the two curves. The initial Kerr rotation angle of 3.1
• , measured in the static RMOKE (see Fig. 2 ), was reproduced in timeresolved measurements tuning the FEL energy to 53 eV at −100 fs, at which the Kerr rotation angle is 3.2
• . Since a polar geometry is used in this TR-RMOKE measurement, the Kerr rotation angle indicates the out-of-plane magnetic moment of Fe in GdFeCo. Figure 4(b) schematically depicts the magnetization dynamics with respect to the external field resulting from the time dependent Kerr rotation angle. The length of the arrows in the figure corresponds to the magnitude of the Kerr rotation angle for each delay time. 200 fs after the intense laser irradiation, the changes of sign of the Kerr rotation angle indicate reversal of Fe magnetization. This reversal mechanism is classified in thermal process, different from the process involving IFE in the previous studies using circularly polarized beam. 5 Considering the FERMI-FEL repetition rate of 10 Hz, the Fe magnetic moment is recovered at least 100 ms after the pump. Since linearly polarized IR pump laser was used, there is no coupling in terms of the exchange of angular momentum between photons and spins in the material. This means that the path for angular momentum transfer is closed between the sub-lattices of Gd and Fe.
14 The time scale
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: of magnetization reversal of TM sublattice is the same as observed in preceding research using time-resolved XMCD (TR-XMCD), in which transient ferromagnetic-like coupling has been observed due to different demagnetization times for RE and TM sublattices. 8, 9 Our measurement of TR-RMOKE reveals its compatibility with FEL for tracing ultrafast spin dynamics.
Concerning methodological approach, MOKE in the visible region is widely used for tracing spin dynamics of an average magnetization of a magnetic medium. 27 In the present paper, we report the advantage of RMOKE that allows for tracing ultrafast spin dynamics with element selectivity. In static XMCD measurements, largely conducted at synchrotron radiation facilities, detecting the absorption, reflection, or fluorescence yield, spin and orbital magnetic moment combining with sum rules have been probed. 26 Until now, the experiments using linearly polarized pumping light in an element-selective way have been conducted applying TR-XMCD in reflection. Fundamentally, both RMOKE and XMCD originate from the same principle, namely, the difference of absorption between right-and left-circularly polarized light by a magnetic medium that has spin-orbit and exchange splitting. In pumpprobe measurements, photon-in/photon-out setup is utilized by both methods and can be used to scan a depth profile by changing incident angle to a layered structure or multilayer sample.
1 However, compared to the intensity measurements in XMCD, the polarization analysis in RMOKE can be used to extract the complete set of magneto-optical constants (dispersive and absorptive component of refractive indices) in a single experiment. 28 Furthermore, for polarization analysis of RMOKE we utilized the RAE method, in which small amount of change of Kerr angle can be detected because at each delay time ellipsometry was conducted and the Kerr angle was measured from the phase difference under two external magnetic fields (see Fig. 4(a) ). 18 In the static experiment, shown in Figure 2 (c) for RMOKE, we observed that around the Fe M edge at 53 eV the Kerr rotation angle is nearly constant against energy between 3
• and 4
• . Therefore, TR-RMOKE of GdFeCo is more compatible with FEL than using XMCD. It should be noted that in time-resolved MOKE measurements, it has been argued that the MOKE signal is modified by a non-equilibrium state generated during the femtosecond pulse so that the MOKE signal does not reflect the sample magnetization. 29 Since the delay time of the present experiment was much longer than the dephasing time of coherent correlation between photons and spins, the modulation effect can be neglected in interpreting the spin dynamics.
In conclusion, we measured the magnetization reversal of Fe in GdFeCo alloy within several 100 fs using a seeded-FEL tuned to the Fe M-absorption edge. The results are compared with the calculations based on the resonant scattering theory. Our results have revealed the magnetization switching due to ultrafast heating effect and demonstrate that studies combining FEL and TR-RMOKE experiments are opening new possibilities for investigating ultrafast magnetism. 
